In this paper, following a stream of investigation of supersymetric gauge theories with cosmic string solutions, we contemplate the possibility of building up a superconducting cosmic string with a gauge-field mixing in conection with to a U (1) × U (1) ′ -symmetry. Both spontaneous breakings, of gauge and supersymmetry, are thoroughly analysed and the fermion zero-modes are worked out. The rôle of the gauge-field mixing parameter is elucidated in conection with the string configuration.
Introduction
Supersymmetry had been of interest to explain a number of problems in cosmology including observations and astrophysical questions. In this context supersymmetry may appear to explain the "dark matter" problem. There are evidences that the most part of the mass in the Universe is nonluminous and of unknown composition, probably barionic. The supersymmetry framework predicts the existence of a new stable elementary particle (neutralino) having a mass less than a few TeV and having weak interactions with ordinary matter. The neutralino is a linear combination of the SUSY partiners of the photon, Z 0 , and Higgs bosons. If such a weakly interacting massive particle (WIMP) [5] exists, then it has a cosmological abundance such as observed today, and we could therefore accont for the dark matter in the Universe.
Another important result is the recent success of duality in su.sy Yang-Mills theories that may, by means of the physics of non-perturbative solutions such as topological solitons, be easier to understand than in non-supersimmetric theories. For these reasons, supersymmetric extensions to cosmic string models are especially important to understanding of early Universe.
In Cosmology, the common belief is that, at high temperatures, symmetries that are spontaneously broken today have already been exact in the early stages of the Universe.
During the evolution of the Universe, there were various phase transitions, associated with the chain of spontaneous breakdowns of gauge symmetries.
Cosmic strings [6, 7, 8, 9] are by product of a series of symmetry breaking phase transitions in the early Universe [10] , appear in some Grand Unified Gauge theories and carry a huge energy density. Cosmic strings may also to carry enourmous currents [11] and their eventual explanations to many astrophysical phenomenas, such as the origin of primordial magnetic fields [12] , charged vacuum condensates [13] and sources of ultrahigh energy cosmic rays [14] , among others. They may provide a possible origin for the seed fluctuations density perturbations that imprint in the cosmic microwave background radiation (CMBR), which became the large-scale structure of the Universe observed today [15, 16, 17, 18] . They may also help to explain the most energetic events in the Universe such as high energy cos-mic rays [19, 20, 21] .
In view of the possibility that supersymmetry was realized in the early Universe and
was broken approximately at the same time as cosmic string, many recent works investigate superconducting cosmic string considering a supersymmetric framework [22, 23] . In this work, we analyzed the possibility of a superconducting cosmic string in its supersymmetric version. This framework may be built up with four superfield type and we consider that in early Universe the gauge field mixing associated to a U(1) × U(1) ′ -symmetry has given us interaction of the charged scalar condensate with vortex fields in the core.
This paper is outlined as follows. In Section 2, we start by presenting the model under consideration as well as some of its basic charicteristics, we analysed the potential and the possibility of the obtained the breaks. In section 3 we show that the model under consideration admit the superconducting cosmic string configuration, in this section we analysed the mixing terms and mass of the bosonic and fermionic particles. In section 4 we
show that the supersymmetry is non broken in the ground state and can be exact in the core by superconducting cosmic string. Finally, we conclude the paper by making a brief discussion about the results and some possible consequence of them.
2 Supersymmetric extension of the U (1) × U
′
(1)-model and the spontaneous breaking.
In this section, we set up the superspace and the component-field version of the U(1)×U(1)-gauge theory in which framework we shall seek for a superconducting cosmic string solution.
Before describing the details of the model, we shall below present our superspace notational conventions and the superfield expansions we work with throughout this paper.
For the algebraic manipulations with the Grassmann-valued spinorial coordinates and fields, we refer to the conventions adopted in the work of Ref. [24] . The supersymmetry covariant derivatives are taken as follows:
We propose the supersymmetric extension of a U(1) × U(1) ′ -Higgs model described by the superspace Lagrangian: 
where y µ = x µ + iθσ µθ . In the Wess-Zumino gauge, the vector supermultiplet displays a "gauge boson", H µ , its Majorana partners ξ α ,ξα, and an auxiliary scalarD(x). The vector superfield V has the superspace representation:
To have a current in the core, we need a larger field content [25] ; this is why we introduce extra families of chiral superfields, Σ I , and a supplementary gauge superfield, A. As above, we can also take A in the Wess-Zumino gauge, with gauge boson A µ , Majorana companious, 
the gauge-field strengh superfields are:
and
The renormalisable superpotential, W , built up from the chiral superfields may generally be written as below:
where P i represent either Σ or Φ and the gauge invariance of W is ensured by a suitable choice of the charges of the superfields.
The gauge transformations act on the superfields according to the expressions below: 
In component-field form, our total Lagrangian density is split in to a bosonic piece (L B ), a fermionic contribution (L F ), the Yukawa part (L Y ) and the potential (U):
by rescaling we have α 1 = α 2 = 1 and α 3 = 2α,
14)
where
The field strengths are defined as usually:
The potential U is given by:
The Fayet-Iliopoulos D-term provides a possible way of spontaneously breaking su.sy. [26] .
In this case, we work with the superpotential W with λ i = 0 and g ijk = 0 in (2.9). Then, the superpotential is
The equations for the auxiliary fields are:
We can solve the system for the auxiliary fields, D andD : 20) with
The potential (2.17) with k = 0 can be split as below:
where U cs is the φ-self-coupling scalar potential:
U e is the part that contains the σ-fields in self-interactions : 23) and U mix is the mixed φ − σ self-interactions: interaction part given by
The configuration of minimum energy is the solution to the equations listed below:
Now, we analyze the delicate issue of gauge symmetry and supersymmetry breakings and the consequent formation of a cosmic string configuration.
In the case where the current vanishes (β = 1),
we must distinguish between the two cases m 2 > qk, the minimum is given by φ 1 = 0 and φ 2 = v, with
qk) = 0. Expanding the potential around this minimum, according to the splitting, φ = φ 1 ,φ = φ 2 − v , the potential takes the form:
and it is positive; in this case, both supersymmetry and gauge symmetry are spontaneously broken; then the vector field, H µ , becomes massive.
An interesting possibility appears when m = 0; in this case, supersymmetry is not broken. Whenk = 1 2 qv 2 , the gauge symmetry is spontaneously broken and there exists a cosmic string solution. On the other hand, the other extremum is φ 1 = φ 2 = 0; in this case, supersymmetry is broken. [23] . Now, let us use this result in the case where the currents do not vanish. In this case, we use the complete form of the Eqs.(2.25). We know, in the usual models for superconducting cosmic strings, that in the limit when the current vanish we have the ordinary cosmic string, we used this fact to analyse the supersymmetric case.
Then, using the minimum
in (2.25), with n = 0, we find the relationships:
A possibile situation that minimizes the potential and may to give the right configuration in the core takes place form < The vacuum of the model exhibits exact su.sy. Another important feture of a cosmic string configuration is its core, that may be represented by other extremum of the eq. (2.28). In is described by σ 2 = 0 , σ 1 = u and φ 1 = φ 2 = 0, with the condition
the U(1)-gauge symmetry is exact and the U(1)'-gauge symmetry is broken. In the core, supersymmetry is not exact and there appears a Goldstone fermion that will discussed in more detail in aetion 5.
Kinetic mixing in cosmic string models
The purpose of this section is to examine the occurrence of mixing in the kinectic energy terms of the gauge fields and we analyze the masses after of breaking. We firstly notice that a mixing term can only occur provided there are two or more field strength tensors,
µν . This only arises for Abelian groups. Thus, the simplest gauge model with has mixing in the kinectic terms is a U (1) ′ model, with gauge group U(1) × U(1) ′ . Let us denote the field strengths of the two U(1)-fields by F µν and H µν , respectively.
In the supersymmetric version, this mixing appears naturally given by
The constant α is a physical parameter and cannot be completely scaled away. The kinetic term can be diagonalised by making the ortogonal transformation,
The requirement of positive kinetic energy implies that |α| < 1. We replace this transformations in the bosonic Lagrangian,
were the covariant derivatives read as follows:
By expanding the φ's and σ's around their minima,φ = φ 1 , φ = φ 2 − v and σ = σ 1 − ρ, σ = σ 2 − ρ, we write down the gauge-field mass matrix the mass matrix to gauge field:
In the case where we have a superconducting cosmic string, we saw, in the previous section, that ρ = 0; in this case, a = δ = 0 and b = is the H−field.
Therefore, H µ does not mediate long-range interactions. Their physical degrees of freedom combine into physical massive quanta responsible for the short-range character of the U(1)-interaction. On the other hand, A µ mediates the long-range interactions. Next, we shall use these results to infer about a vortex-like configuration, leading to a particular type of cosmic string. Now, let us analyse the gauginos mixing part , given by
The field reshufflings below diagonalise the fermion mass matrix:
With this basis, we can obtain the fermionic Lagrangian given by 10) and the Yukawa potential is
The symmetry breaking also modifies the spinor mass terms; in this case, we have, after the breaking, the following fermionic mass term:
In this form, this model describes one spinor and Goldstone fermions, one scalar and a vector fields with mass
qv. Notice that those masses fit the well-known supersymmetry mass formula for the spontaneously broken case. [28] In the section that follows, we present a detailed discussion on the cosmic string solution.
Current-carrying cosmic string solution
We can study the SCCS considering the Abelian Higgs model with two scalar fields, φ and σ. In this case, the action for all matter fields is given by (3.3)
For simplicity, we change the notationÃ → A,H → H, where the covariant derivative in this basis is
2)
The action (4.1) has a U(1) × U(1) ′ symmetry, where the U(1) group associated with the φ-field is broken. Our ansatz for the string configuration reads as below:
parametrized in cylindrical coordinates (t, r, θ, z), where r ≥ 0 and 0 ≤ θ < 2π, with H µ is the gauge field. The boundary conditions for the fields φ(r) and P (r) are the same as those of ordinary cosmic strings:
The other group, U(1) ′ , is identified with Electromagnetism, which remains unbroken in vacuum σ 1 = σ 2 = 0, but broken in the string interior. The σ-field in the string core, where σ 1 = σ 2 and U(1) is broken acquires an expectation value, is responsible for a bosonic current being carried by the gauge field A µ . Their configurations are given by:
(4.5)
The fields responsible for the cosmic string superconductivity have the following boundary conditions:
The potential in cosmic string configuration is given by
, η 2 = 2k q , m are coupling constants.
The Euler-Lagrange equations result
Analysing the breaking we note that the vacuum have the minimum in ϕ = η and σ = 0.
The U(1) group, associated with the φ−field is broken by vacuum and the other U(1) ′ m that we associate to eletromagnetism, acts on the σ− field is not broken by the vacuum.
The auxiliary field vanish (D =D = 0), by vacuum configuration, for this in the vacuum the supersymmetry is exact. In the core of the superconducting cosmic string we have ϕ = 0 and σ = 0, in this case the we have the symmetry U(1) is not breaking but the symmetry
′ is breaking, because we have a current in the core. We can analysed the potential (2.17), in the case where W = 0. With this analyse we note that the supersymmetry can by exact in the core if respect the D 2 +D 2 + 2αDD = 0, when ϕ = 0 and σ = 0, we have
In this case we find σ = 2k e and in the core the supersymmetry is not broken.
Fermionic Zero-Modes
At this stage, some highlights on the fermionic zero modes are in order. This issue has already been discussed in a previous papers [31] . All we have done previously concerns the bosonic sector of the N = 1-U(1) × U(1) ′ theory; to introduce the fermionic modes which have partnership with the vortex configurations , we take advantage from su.sy invariance.
By this, we mean that the non-trivial configurations for the fermionic degrees of freedom may be found out by acting with su.sy. transformations on the bosonic sector. In a paper by Davis et al. [23] , this procedure is clearly stated and we follow it here. The su.sy.
transformations of the component fields for the N = 1-U(1) × U(1) ′ model may be found in the ref [26] .
Going along the steps presented in the work of ref. [25] , we quote below the fermionic configurations, we have worked out: It is worthwhile to notice that the su.sy. transformations lead to a vector supermultiplet (V) that is no longer in the Wess-Zumino gauge; to reset such a gauge for V, we have to supplement the su.sy transformation by a suitable gauge transformation that has to act upon the matter fields as well.
Conclusions
We have investigated the structure of superconducting cosmic string to supersymmetric abelian Higgs models. We show that is possible constructing the U(1) × U(1) ′ models that presented current in the core with D-term. In this models we prove that is possible that the supersymmetry is not breaking in the core and the ground state have exact form too.
We show that is possible to have kinetic gauge field mixing terms for different U(1) gauge field in the Lagrangian by superconducting cosmic string. Analysing the α constant we
show that in the limit where it is vanish the theory change to ordinary cosmic string for this we conclude that the interaction terms in potential only exist if the mixing terms are present. We saw that the mixing gauge field coupling, no change drastically the structure of the bosonic superconducting cosmic string. The interesting result is the possibility of the current no broken the supersymmetry, this fact have the implication that in the early eras of the Universe, when the supersymmetry was exact the superconducting cosmic string can be formed. The fermionic part presented massive particles by interaction with the vortex, as usual [30] but appear other fermionic particles that no have mass and can be coupled with the eletromagnetic gauge field we study this questions and the implication in other work [31] .
